Elective surgery on the abdominal aorta has become increasingly safe, but the reported perioperative mortality rate is still three to eight per cent. 1-5 Most of the deaths are related to perioperative myocardial infarction and congestive heart failure. There is a high incidence of coronary artery disease, even in clinically asymptomatic patients. Attia et al. studied patients undergoing abdominal aortic surgery and described two different haemodynamic responses to aortic cross-clamping. 6 One group responded with an increase in pulmonary artery pressure, pulmonary capillary wedge pressure and central venous pressure; whereas the other group showed decreases in these pressures.
The response of extravascular lung water to aortic cross-clamping has not been studied clinically. If the pulmonary capillary wedge pressure increases significantly, there may be increases in lung water which may not resolve immediately. Previous work in our laboratory, in dogs, has shown a marked hysteresis in the formation and resolution of pulmonary oedema: Resolution of pulmonary oedema was delayed, taking up to eight hours to return to baseline conditions.7 The purpose of this study was to determine if extravascular lung water changed with aortic cross-clamping and whether there is hysteresis in the formation and resolution of excessive lung water in humans.
Methods
Hospital human studies approval and informed written consent from each patient were obtained. Nine patients (four women and five men) ranging in age from 44-73 years and admitted for elective abdominal aortic surgery were studied. Patients with a history of Raynaud's disease or thrombo-embolic disease to the arms were excluded from the study. Patients were not pre-selected for factors that might predispose to left ventricular failure or pulmonary oedema. The various risk factors are shown in Table  I .
None of the patients was taking medications for congestive heart failure. One patient, No. 6, had experienced two myocardial infarctions; the most recent one being two years before surgery. One patient had experi-CAN J ANAESTH 1989 / 36:3 / pp 283-8 
enced one myocardial infarction and five patients had nonspecific T wave changes on their electrocardiogram. Two patients had stable, well controlled angina only on moderate to severe exertion. Three patients were hypertensive, two had non-insulin dependent diabetes mellitus and six were cigarette smokers. Three patients had repair of abdominal aortic aneurysms and six had aortobifemoral bypass grafts. All patients were seen and given premedication as per the anaesthetist for the case. On arrival in the operating room, four ECG limb electrodes were attached and a left radial arterial line and a pulmonary artery catheter were inserted. In addition, a #5 French Edwards Lung water catheter was inserted in either the right braehial or axillary artery. The femoral artery could not be used because of the aortic cross-clamp. All pressures were recorded on a Hewlett Packard 7758B, 4 channel recorder. All catheters were inserted under local anaesthesia prior to the induction of general anaesthesia.
Extravascular lung water (EVLW) was determined with an Edwards lab model 9310 lung water computer using the double indicator dilution technique. This method uses two indicators, temperature and indocyanine green, which are injected simultaneously into the right atrium via the proximal port of the pulmonary artery catheter. Indocyanine green binds to albumin and remains intravascular whereas temperature acts as the extravascular indicator by diffusing freely to mix with extravascular water in the lung while passing through the pulmonary capillaries.
The indicators are then detected in the aorta or one of its branches. The thermistor in the lung water catheter detects temperature changes. Green dye concentration is measured using a densitometer and cuvette. The cuvette is attached to the lung water catheter and at the time of lung water measurement, blood is withdrawn through it using a withdrawal/infusion pump at a rate of 30 ml. min. The densitometer then measures green dye concentration.
Analysis of the indicator dilution curves allows calculation of cardiac output as well as the mean transit time for each indicator. The product of mean transit time and cardiac output for a given indicator yields the volume of distribution of that indicator. The difference between the distribution volumes of the two indicators represents the volume of extravascular water in the lung. Anaesthetic technique was not standardized for this group of patients. Anaesthesia was induced with a combination of thiopentone and fentanyl. The trachea was intubated after paralysis with either succinylcholine or pancuronium and anaesthesia was maintained with oxygen, nitrous oxide, fentanyl and either halothane or isoflurane. Vasopressors and vasodilators were administered as necessary by the anaesthetist. The actual drugs and dosages used varied with the individual anaesthetist.
Determination of EVLW and cardiac output (CO) were performed prior to and just after the induction of anaesthesia in four patients. In all patients EVLW and CO were measured prior to and five minutes after cross-clamping of the aorta. These variables were measured every 20-30 minutes thereafter until the end of surgery. All other haemodynamic variables, blood pressure (BP), pulmonary artery pressure (PAP), right atrial pressure (RAP) and pulmonary capillary wedge pressure (PCWP) were measured at the time of EVLW determination. Cardiac outputs were determined with the Edwards lung water computer by analysis of the thermodilution curve. Neither the anaesthetist nor the surgeon was aware of the EVLW measurements and neither drug therapy nor fluid administration was altered because of lung water values.
It was thought that such a study might make an anaesthetist more cautious in his/her fluid administration. The amount of intravenous fluid given to the study group was compared with that given to a control group which consisted of all patients having aortic surgery in the six months preceding the study.
Statistical analysis of EVLW, CO and PCWP was done using one-way analysis of variance. Tukey's range test for repeated measures was used to identify significant differ- ences. Haemodynamic variables prior to and just after application of the aortic cross-clamp were compared using a paired student's T-test. A P value of ~<0.05 was considered statistically significant.
Results
Values for extravascular lung water, pulmonary capillary wedge pressure and cardiac index during the course of surgery are shown in Figures 1, 2 and 3 respectively.
Induction of anaesthesia
With induction of anaesthesia there was a statistically significant decline in cardiac index (4. to 3.23 L" min -1 9 m-2). There was a tendency for PCWP and E V L W to increase but these changes did not achieve statistical significance. Other haemodynamic variables did not change significantly.
Aortic cross-clamping
In response to aortic cross-clamping, E V L W decreased in all patients from a mean of 9.50 to 7.85 ml-kg-i, but this did not reach statistical significance. No other haemodynamic variable changed significantly. Blood pressure, heart rate, cardiac index, pulmonary artery pressure, PCWP, and right atrial pressure were not altered by cross-clamping of the aorta. The mean results are shown in Table II . During the remainder of the surgery, there were no significant changes in EVLW, CI or PCWP. No patient developed a sustained increase in PCWP. The average amount of intravenous fluids given to study patients was 4 4 . 0 m l ' k g -~. The control group received 36 ml-kg -I . These were not significantly different. All results are mean 9 SD.
Complications of insertion of lung water catheter
There was a number of complications associated with the use of the lung water catheter. The catheter was difficult to insert without the use of a vessel dilator. All patients had large haematomas at the site of the catheter insertion. One patient developed an axillary artery thrombosis and had a cold, blue hand. This required surgical exploration and correction and the patient subsequently did well. Two other patients lost their distal pulses postoperatively but did not have ischaemic hands. The pulses returned spontaneously within 24 hours.
Discussion
Cross-clamping of the aorta can be associated with major changes in systemic haemodynamic variables. 6's'9 Attia et al. were able to divide patients into two groups depending on the changes in pulmonary capillary wedge pressure, pulmonary artery pressure and central venous pressure. 6 One group had decreases in these pressures, whereas the other had increases. Elevation of PCWP of 7 mmHg or more was associated with evidence of myocardial ischaemia and sodium nitroprusside was used to reverse the elevation of PCWP and the changes of myocardial ischaemia. All of these patients were known high-risk patients with history of previous myocardial infarction, previous coronary artery surgery, or congestive heart failure, All the low-risk patients, with negative cardiac history and normal ECG responded with a decrease in central pressures. Gooding et al. found that patients with a history of coronary artery disease responded to application of the aortic cross-clamp with a decrease in Cl and an increase in PCWP. a Patients without a history of coronary artery disease had decreases in C1 and PCWP when the aorta was cross-clamped. Meloche et al. described a group of 18 patients having aortic surgery, all of whom developed an increase in systemic vascular resistance and a decrease in CI with cross-clamping of the abdominal aorta. 9 Details were not given of the patients' preoperative status and PAPs were not measured. Recognition of the potential adverse effects of aortic cross-clamping and declamping has led to the increasing use of invasive haemodynamic monitoring to optimize volume loading and the use of vasopressors and vasodilatot's to manage the haemodynamic changes that occur.
In this group of patients there were no significant changes in any haemodynamic variable with crossclamping of the aorta. The patients could not be divided into two groups as has been done in previous studies. Patients having resection of abdominal aortic aneurysms did not differ from those having aorto-bifemoral grafts in their haemodynamic responses. This is probably not surprising considering that these patients were not preselected to be at high risk. Also, most importantly, they CANADIAN JOURNAL OF ANAESTHESIA were all monitored with PA catheters. The anaesthetist in charge was not aware of lung water measurements but did have access to the PAP measurements and acted on adverse changes in them. There was one patient, #6, who had a transient rise in PCWP from 10 mmHg to 17 mmHg during surgery. This change was not associated with cross-clamping of the aorta, and returned to normal within minutes after administration of sodium nitroprusside. This transient increase in PCWP did not produce any measurable increase in EVLW. Thereafter the patient remained stable. Interestingly, 72 hours postoperatively this patient developed ECG evidence of myocardial ischaemia and pulmonary oedema. This occurred when the patient had been discharged to the ward and was not being invasively monitored.
Our baseline measurements for EVLW are in the range of 7-9 ml. kg -l. This is higher than the range generally reported in man, 5.5-6.5 ml'kg-l. 10-12'15 Gravimetric measurements of EVLW in animals are in the range of 6-7 ml. kg-1.14 Thermodilution measurement of EVLW has been reported to both over-and underestimate lung water in a number of clinical circumstances. Haemodynamic factors, specifically a decrease in CO, have been shown to cause an overestimation in EVLW. Fallon et al. demonstrated that a 50 per cent decrease in CO caused a 40 per cent overestimate of lung water. '6 Perfusion defects in the pulmonary circulation, caused by glass bead or air emboli can cause underestimation of lung water. 12 Positive end-expiratory pressure (PEEP) has also been shown to affect lung water determination. Application of PEEP may decrease peffusion to certain lung zones by creating Zone I conditions and thus decrease EVLW. Alternatively, it may increase peffusion to localized areas of injured lung and increase EVLW. ~2 Technical problems with the thermistor may also cause overestimation of lung water. Wessel ~3 has shown that there is a boundary layer of slowly moving blood that extends 1-2 mm from the arterial vessel wall. Thermistors positioned in this boundary layer record temperature curves with a delayed buildup and decay and consequently record a longer thermal transit time. This can give a larger thermal volume of distribution and lead to overestimation of EVLW. Placing the lung water catheter in the axillary artery in dogs has been shown not to change lung water measurements. Although there are a number of reasons for both over-and underestimation of ELVW, our results were consistent and did not show any change intraoperatively.
Extravaseular lung water does not appear to increase significantly unless there are significant rises in PCWP. B3rt"ick, Kay and Noble measured EVLW in patients undergoing anrtocoronary bypass surgery. ~s They found that there was no significant increase in EVLW immedi-ately after surgery in spite of large decreases in colloid osmotic pressure (COP) from 18.9 to 9.3 mmHg during extracorporeal circulation. The one patient who did have a significant increase in EVLW had elevated PCWP, >20 mmHg, during the pump run. In another study Gallagher, Moore et al. confLrmed that EVLW does not change during coronary artery bypass grafting as long as PCWP is maintained less than 14 mmHg in spite of different types of intravenous fluid administration. 17 Shires et al. compared the effects of crystalloid versus colloid infusion in patients undergoing abdominal aortic surgery, 's in whom the PCWP was kept within 2 mmHg of preoperative levels. No change was found in EVLW immediately after surgery in both groups compared with the preoperative measurements. This was in spite of large decreases in COP, from 20 to 12 mmHg, in the crystalloid group.
These clinical reports confirm experimental findings in animals in whom it is very difficult to produce an increase in EVLW by decreasing the COP alone. 19'2~ This is attributable to the fact that the changes in protein concentration equilibrate relatively quickly across the pulmonary capillary membrane -effectively negating one another and producing no net fluid flux. However, a decrease in COP does reduce the "margin of safety" when elevations in the pulmonary capillary pressure occur and reduces the critical pressure needed for oedema formation. 21 There were no changes in EVLW in our study group probably because no patient developed a sustained elevation in PCWP. This may be caused by a number of factors including the absence of high-risk patients studied and the benefits of haemodynamic monitoring and appropriate therapeutic intervention.
Th~ fact that EVLW did not change also implies that there were no changes in capillary permeability caused by aortic cross-clamping or declamping. The only haemodynamic change of note was a decrease in CI with induction of anaesthesia. This is not surprising as anaesthesia was induced in all patients with thiopentone and fentanyl and maintained with nitrous oxide.
There was a number of complications related to the use of the lung water catheter in the arms of patients. Firstly, the catheter was difficult to insert without the use of a vessel dilator. Secondly, all patients had large haematomas at the site of the catheter in spite of direct pressure being applied for 20 minutes after its removal. One patient had a cold, blue hand immediately after surgery. This necessitated surgical re-exploration and removal of an axillary artery thrombus. At the time of the thrombectomy, it was noted that the axillary artery was very smallalmost hypoplastic -and that this probably predisposed to thrombus formation. Two other patients had loss of distal 287 pulses in the arm in which the lung water catheter was inserted. However, there was no overt isehaemia and the pulses returned within 24 hours without therapy, It was felt that this high incidence of serious complications precluded further use of the lung water catheter in axillary or brachial arteries.
In summary, extravascular lung water was found to be in the range of 7-9 ml-kg-~ body weight. The EVLW did not change with cross-clamping of the abdominal aorta in the absence of significant changes in pulmonary capillary pressure. 
